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Abstract 
The Reactor pressure vessel is a main component of a nuclear power plant’s primary circuit. WWER 440 is one of the most 
widely used nuclear reactors of the second generation. The main structural material of the WWER  440 is the base metal, ferritic 
steel 15Kh2MFA. For the purpose of anti-corrosive protection, the pressure vessels’ inner surface is covered with austenitic 
cladding. The cladding is made from the stainless steels Sv 07Kh25N13 (first layer) and Sv 08Kh19N10G2B (second layer). In 
frame of pressure vessel materials properties surveillance, fractographic analysis was performed on specimens (both in the
neutron-irradiated and non-irradiated state) subjected to static fracture toughness testing. Specimens were collected from the area 
of the interfaces of the base metal and the austenitic cladding layers. Detailed fractographic analysis of fractured specimens was 
undertaken. Based on fractographic findings, individual failure micromechanisms taking place during the crack propagation 
across the materials’ interfaces were determined and described. The obtained results were used to find the relationship between 
the failure micromechanism changes and fracture toughness values. The fractographic analysis also offered information about the 
influence of the neutron irradiation on the failure micromechanisms. 
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1. Introduction 
The nuclear reactor WWER 440 is one of the most widespread water-cooled reactors. The reactor pressure vessel 
(RPV) is one of the main components of the primary circuit. The RPV walls are made from the quenched ferritic 
steel 15Kh2MFA, which is referred to as a base material. It gives the pressure vessel sufficient strength with respect 
to high operating pressure and temperature. 15Kh2MFA steel is not corrosion resistant and hence would suffer 
corrosion attack from cooling water. The RPV inner surface is therefore covered with so-called cladding, which 
prevents direct contact of the coolant with the base metal. WWER-440 cladding is produced by means of submerged 
arc strip-electrode welding technology in layers of two types of austenitic stainless steels. First of all, one layer of 
Sv 07Kh25N13 steel is deposited directly on the base metal. Two or three layers of Sv 08Kh19N10G2B steel are 
subsequently deposited, so that a cladding layer of total thickness approximately 10 mm is attained. 
The process of cladding results in a heat affected zone of the base metal, formation of heterogeneous structure in 
the base metal and a change in its mechanical properties. The structure of each of the cladding layers is 
heterogeneous as well. Production technology can also result in the formation of many welding defects. In spite of 
the fact that the cladding can play a significant role in RPV integrity, not much attention has yet been devoted to the 
cladding materials’ fracture properties. A knowledge of fracture mechanisms of materials in the area of the base 
metal and cladding layers interfaces is therefore crucial. Fractographic analysis was therefore performed on 
specimens subjected to fracture toughness testing. The results are presented in this paper. 
2. Materials and procedures 
Nuclear research institute in Řež (ÚJV Řež, a. s.) provided a large amount of specimens. The specimens had the 
standard dimensions 10x10x55 mm and were single notched and fatigue-precracked, as can be seen in Fig.1(a). The 
specimens were cut from WWER-440 semi-products (i.e. not welded separate rings), in the area of the base metal 
and austenitic cladding interface. Therefore, each specimen was composed of layers of two or three materials – the 
base metal (15Kh2MFA ferritic steel), the first cladding material (Sv 07Kh25N13 austenitic steel) and the second 
cladding material (Sv 08Kh19N10G2B). See Table 1 for the chemical compositions. The notch was machined and 
the fatigue precrack was created perpendicularly to the materials interfaces. Specimens of both precrack 
orientations, i.e. crack propagation direction both inside (into the second layer of cladding) and outside (into the 
base metal) the RPV, were manufactured. The orientation of the specimens was either L-R or C-R (in accordance 
with ASTM E 1823-96 terminology), as can be seen in Fig.1(b). Specimens were grouped with respect to the 
material layer, in which the fatigue precrack front was placed and with respect to their orientation.  
The specimens were subjected to static fracture toughness testing by three-point bending. All tests were 
undertaken in a temperature range of between -170 °C and 270 °C. The specimens tested at 24 °C and 270 °C were 
predominantly selected for fractographic analysis. As a consequence of static bending, stable crack growth usually 
proceeded in the specimen. The fracture toughness test was terminated either manually after a period of stable crack 
growth, or automatically with the occurrence of brittle fracture or pop-in. The rest of the specimen’s load-bearing 
section was broken subsequently in liquid nitrogen (final rupture). Fracture toughness was evaluated as J0.2 (critical 
J-integral value at 0.2 mm crack extension). The majority of specimens were tested in initial (i.e. non-irradiated) 
state and minority of specimens were tested in neutron-irradiated state with a neutron fluence of up to 
9.5·1023 neutrons/m2. 
In total twenty nine non-irradiated and eight neutron-irradiated specimens were selected for fractographic 
analysis. The fracture surfaces of the specimen were observed using scanning electron Aspex eXplorer microscope 
and image-documentation of fracture surfaces’ micromorphologies has been obtained. The micromechanisms of 
failure of the materials was determined and described. Fractographic features on fracture surfaces were compared 
and their relationships with the values of fracture toughness were found. Some neutron irradiation-related effects on 
fracture were also assessed.  
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Table 1. Chemical composition of materials (values are in mass %) 
material C Mn Si P S Cr Ni Mo Nb Fe 
15Kh2MFA 
(base material) 
0,13 
0,18 
0,30 
0,60 
0,17 
0,37 
max. 
0,025 
max. 
0,025 
2,50 
3,00 
max. 
0,40 
0,60 
0,80  balance 
Sv 07Kh25N13 
(first layer of cladding) 
max. 
0,09 
0,80 
2,00 
0,30 
1,20 
max. 
0,030 
max. 
0,020 
22,50 
26,50 
11,00 
14,00   balance 
Sv 08Kh19N10G2B  
(second layer of cladding) 
max. 
0,08 
1,80 
2,20 
0,20 
0,45 
max. 
0,025 
max. 
0,018 
18,5 
20,5 
9,50 
10,50 
max. 
0,25 
0,90 
1,30 balance 
 
 
Fig.1. Sketch of a TPB specimen (a); specimens’ orientations (b) –all specimens used were either L-R, or C-R (adopted from ASTM E 1823) 
3. Results and discussion 
3.1. Base metal – 15Kh2MFA steel 
The fractographic analysis determined that the stable crack propagation almost always occurred by transgranular 
ductile dimple fracture in the base metal (BM). Ductile dimples’ micromorphologies in non-irradiated (Fig. 2a) and 
irradiated (Fig. 2b) state barely differed. On some fracture surfaces, fractographic marks of elongated particles 
decohesion were found (see Fig. 2c). These particles were probably MnS-inclusions and their elongated shape was a 
consequence of the material’s forging. 
The final rupture areas (i.e. parts of fracture surfaces, that were created by final breaking in liquid nitrogen) were 
also observed. In the non-irradiated state, fractures almost entirely occurred by transgranular cleavage (Fig. 2d). 
Signs of intergranular decohesion were rarely seen. In contrast to this it was found that the failure mechanism of the 
irradiated specimens depended significantly on the distance of the material from the interface with the cladding layer 
(i.e. the distance from the weld fusion boundary). At a distance greater than 5 mm from the weld fusion boundary, 
although cleavage was the predominant failure micromechanism, intergranular decohesion occurred in many areas 
(Fig. 2e). Intergranular fracture was also found in the precracked area. Intergranular decohesion is therefore an 
important failure mechanism of irradiated 15Kh2MFA steel. This result was expected since it is well known 
phenomenon that low-alloyed steel undergo degradation micromechanisms that weaken the grain boundary strength. 
On the other hand, material within 5 mm of the weld fusion boundary (i.e. in the heat affected zone) fractured 
entirely by transgranular cleavage (Fig. 2f). No fractographic signs of intergranular fracture were found at all. Heat 
affection of the base metal in the vicinity of the weld fusion boundary probably led to formation of a microstructure 
that is not susceptible to intergranular fracture not even after neutron irradiation.  
3.2. Austenitic cladding – Sv 07Kh25N13 and Sv 08Kh19N10G2B steels 
There are two graphs in Fig. 3 showing the results of the fracture toughness test on non-irradiated specimens with 
a precrack in the first cladding layer (a) and the second cladding layer (b). The fracture toughness J0.2 of the second 
cladding material (Sv 08Kh19N10G2B) was only around half of the first cladding material (Sv 07Kh25N13). The 
dependence of J0.2 fracture toughness values on test temperature exhibit a great scatter for both cladding materials. 
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Fig. 2: Typical fractures of the 15Kh2MFA base metal (BM); ductile dimple fracture in non-rradiated (a) and irradiated (b) state; MnS inclusions’ 
decohesion (c); final rupture in non-irradiated BM (d), irradiated BM (unaffected by heat) (e), irradiated BM’s heat affected zone (f) 
   
Fig. 3: Results of fracture toughness tests of non-irradiated specimens, with the precrack front placed in the first cladding layer (a) and second 
cladding layer (b). Crack growth direction (layer of original precrack placement → direction of growth) and orientations (L-R and C-R) are 
discerned. Specimens subjected to fractographic analysis are encircled. 
Fractographic observation confirmed that the crack propagation occurred by micromechanism of ductile dimple 
fracture in all the specimens. There were typically two types of ductile fractures which were identified in the first 
cladding material (SS1), as illustrated in Fig. 4(a), (b). In the first case, classical transgranular dimple fracture took 
place (a), while in the second ductile fracture along boundaries of cast structure units (i.e. cells or dendrites) 
proceeded (b). Ductile dimples were created too, but their formation was predominantly limited to the structure unit 
boundaries. It was found that if there was J0.2 fracture toughness greater than about 200Mpa.m1/2 then morphology 
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(a) predominated on fracture surface, whereas at specimens of lower fracture toughness, morphology (b) 
predominated.  
There were two typical morphologies of the ductile fractures detected on the fracture surfaces of the second 
cladding material (SS2), similar to the first cladding material. Although the fracture surface micromorphologies of 
the second cladding layer were found to differ slightly from the first, the same finding was detected. Classical 
transgranular dimple fracture was always associated with reaching several times higher fracture toughness values J0.2 
than fracture along cast-structure boundaries. In addition it was found that in the SS2 C-R orientation (a)-fracture 
always was detected, whereas in L-R orientation (b)-fracture always occurred. It can be concluded that in the SS2 
the interdendritic (or intercellular) bonds were weaker in a direction corresponding to L-R-oriented crack 
propagation than in C-R. This possibly led to preferential crack growth along structure unit boundaries in L-R and 
consequently to lower fracture toughness values J0.2 in L-R than in C-R.  
The crack propagation across the SS1-BM boundary was also investigated. In the non-irradiated state, stable 
crack growth in the closest area of the interface took place by transgranular ductile fracture, both in the BM and the 
SS1. The position of the interface was easy to recognize due to the great dissimilarity of BM and SS1 dimples’ 
morphologies, as can be seen in Fig. 4(c). On the other hand, when a crack propagated across the interface during 
the final rupture (performed in liquid nitrogen), intergranular decohesion took place in the SS1 (Fig. 4(d)).  
The fracture modes of neutron-irradiated first cladding material (SS1) were also studied. It was found that 
neutron irradiation had no significant effect on the stable crack-growth micromechanism. Ductile dimple fractures’ 
micromorphologies were practically the same in the non-irradiated and in the irradiated state (Fig. 4(a), (b)). But, if 
a crack grew from irradiated SS1 to the BM, unstable crack propagation initiation (pop-in behaviour), always 
occurred close to the SS1-BM interface. Pop-in occurrence was always connected with a change of failure 
mechanism from transgranular ductile fracture to intergranular decohesion, as illustrated in Fig. 4e. The more 
frequent occurrence of pop-in behaviour (in comparison with non-irradiated state) was probably due to the lower 
grain boundary strength caused by neutron irradiation. 
4. Conclusions 
The nuclear research institute in Řež (ÚJV Řež, a. s.) undertook experiments to assess the fracture properties of 
WWER-440 structural materials. Fracture toughness tests were performed on specimens by three point bending. The 
specimens were manufactured in such a manner that they contained interfaces between the base metal (15Kh2MFA 
steel), the first cladding (Sv 07Kh25N13 steel) and the second cladding (Sv 08Kh19N10G2B steel). Both the 
neutron-irradiated and non-irradiated specimens were tested. Detailed fractographic analysis of fractured specimens 
was performed with a scanning electron microscope.  
In the base metal, stable crack growth always took place by transgranular ductile dimple fracture. Analysis of 
final rupture area, created by breaking a specimen at a temperature of liquid nitrogen, showed that in non-irradiated 
state the base metal failed exclusively by transgranular cleavage. After neutron irradiation, material unaffected by 
heat failed both by cleavage and intergranular decohesion, whereas heat affected material failed only by cleavage.  
Two basic modes of fracture were found in non-irradiated cladding. Both cladding materials failed either by 
classical transgranular ductile dimple fracture or by fracture along boundaries of cast-structure units (dendrites or 
cells). The former mode was always associated with several times higher fracture toughness values than the latter. 
Irradiation caused no significant changes to stable ductile crack growth micromechanism in the first cladding layer. 
Both the non-irradiated and irradiated materials fracture surfaces’ appearances were the same. On the other hand, the 
more frequent pop-in behaviour (unstable crack propagation initiation) was detected. If a crack propagated from the 
first cladding towards the base metal and grew closely to the materials’ interface, stable ductile fracture mode 
changed to (unstable) intergranular decohesion. This behaviour was probably caused by the first cladding having 
lower grain boundary strength due to neutron irradiation. 
Stable crack propagation across the cladding – base metal interface occurred by ductile dimple fracture in both 
the materials. The large dissimilarity of ductile dimples’ morphologies made it possible to clearly identify the 
interface. During unstable crack propagation in an area close to the interface, the base metal failed by cleavage and 
the first cladding material failed by intergranular decohesion.   
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Fig. 4. Fractures of Sv 07Kh25N13 steel (first cladding material, SS1): classical ductile dimple fracture (a); ductile fracture along the  
cast-structure units (b); stable (c) and unstable (d) crack growth across the BM–SS1 interface; failure mechanism change (from stable ductile to 
unstable intergranular decohesion) (e); intergranular fracture - grains of the SS1 at an interface with the BM (f) 
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Nomenclature 
RPV reactor pressure vessel 
BM  base metal – 15Kh2MFA steel 
SS1 first layer of cladding – Sv 07Kh25N13 steel 
SS2 second layer of cladding – Sv 08Kh19N10G2B steel 
